It has long been recognized that noradrenaline, the most abundant catecholamine within the visual cortex, plays important roles in modulating the sensitivity of cortical neurons to visual stimuli. However, whether or not these noradrenaline effects are confined to a discrete synaptic specialization or mediated by diffuse modulation of a group of synapses has remained an issue open for debate. The aim of this study was to examine the cellular basis for noradrenaline action within the visual cortex of adult rats and cats. To this end, I used electron microscopic immunocytochemistry to examine the relationship between (1) catecholamine axon terminals and B-adrenergic receptors (BAR), which, together, may define the effective sphere of noradrenaline modulation; and then (2) these putative sites for catecholamine modulation and axospinous asymmetric junctions where excitatory neurotransmission is likely to dominate. Antibodies against @AR were used at light and electron microscopic levels on the visual cortex of rat and cat. Rat visual cortex was also labeled simultaneously for BAR and the catecholamine-synthesizing enzyme, tyrosine hydroxylase (TH), to determine the ultrastructural relationships between catecholamine terminals and BAR. lmmunoperoxidase labeling revealed that @AR404, a polyclonal antibody directed against the C-terminal tail of hamster lung BAR (&-type), recognized astrocytic processes predominantly. In contrast, BAR248, a polyclonal antibody directed against the third cytoplasmic loop, recognized neuronal perikarya as observed in previous studies. Dual labeling for BAR404 and TH revealed that catecholamine axon terminals that contained numerous vesicles formed direct contacts with astrocytic processes exhibiting &AR404 immunoreactivity.
However, some catecholamine axon terminals that lacked dense clusters of vesicles were positioned away from BAR404-immunoreactive astrocytes. Frequently, BAR-immunoreactive astrocytic processes surrounded asymmetric axospinous junctions while also contacting catecholamine axon terminals. These observations support the possibility that, through activation of astrocytic @AR, noradrenaline modulates astrocytic uptake mechanism Received June 12, 1991; revised Oct. 7, 1991; accepted Oct. 7, 1991 In the visual cortex of rat, cat, and monkey, the supragranular laminae are densely innervated by noradrenaline fibers arising from the locus coeruleus (Itakura et al., 1981; Watabe et al., 1982; reviewed in Saper, 1984) . Correspondingly, this region exhibits high densities of (Y-and L?-adrenergic receptors (aAR, @AR) (Jonsson and Kasamatsu, 1983; Rainbow et al., 1984; Jones et al., 1985; Aoki et al., 1986) . Upon release, noradrenaline modulates the ratio of stimulus-driven activity relative to spontaneous activity (Saper, 1984; reviewed in Foote and Morrison, 1987 ). This modulation is thought to play an important role in determining cortical neurons' sensitivity to sensory stimuli (reviewed in Foote and Morrison, 1987) and in permitting activity-dependent alterations at excitatory synapses (Neuman and Harley, 1983; Hopkins and Johnston, 1984; Stanton and Sarvey, 1985) . Noradrenaline has also been suggested to promote plasticity in cat visual cortex during development via activation of PAR (Bear and Singer, 1986; Gordon et al., 1990; reviewed in Kasamatsu, 1987) . While these findings, together, suggest that interactions between excitatory transmitters and catecholamines may bring about long-lasting alterations in synaptic strength, little is known about the cellular circuitry that may underlie such phenomena. Whether or not catecholamines, such as noradrenaline, mediate their action via morphologically identifiable synapses and/ or via a more diffuse "volume" transmission remains an open issue (Descarries et al., 1991; reviewed in Fuxe and Agnati, 199 1) . In support of the latter view, we have previously shown that polyclonal antibodies directed against the whole @AR molecule of frog erythrocytes (&type) recognize discrete patches of astrocytic plasma membrane as well as dendritic plasma membranes that both lack and exhibit synaptic specializations (Aoki et al., 1987) . More recent studies have indicated that a monoclonal antibody directed against the third intracellular loop (amino acids 226-239) ofhamster lung PAR @,-type) recognizes neuronal perikarya and dendrites but virtually none of the astrocytes (Aoki et al., 1989; Aoki and Pickel, 1990) . In contrast, a polyclonal antibody directed against the intracellular, C-terminal tail (amino acids 404-4 18) recognizes neither neuronal perikarya nor dendrites but, instead, reacts with membranes of astrocytic processes in the brainstem of adult rats (Aoki & Pickel, 1992a,b) . Since many of these astrocytic processes interleave between catecholamine and noncatecholamine nerve cell bodies, we hypothesized that astrocytic @AR may be targets for catecholamines released from neuronal perikarya or dendrites (Aoki and Pickel, 1992a,b) . The present study sought (1) to determine whether or not other areas, such as the supragranular laminae of visual cortex, which lack catecholamine perikarya, also contain astrocytes that express PAR, and (2) to identify the ultrastructural relations between astrocytic PAR and catecholamine axons and (3) between astrocytic PAR and asymmetric axospinous synapses where excitatory neurotransmissions presumably occur (Gray, 1959; Somogyi et al., 1986; Morrison et al., 1989) . Preliminary results of this study were reported at the Society for Neuroscience annual meeting in 1990.
Materials and Methods
Source of antibodies. Antibodies against PAR were generous gifts from Dr. C. D. Strader of Merck Sharp and Dohme Research Laboratories (Rahway, New Jersey). These antibodies were directed against synthetic peptides corresponding to amino acids 248-256 and 404-4 18 ofhamster lung &adrenergic receptors (PAR248 and PAR404) (Dixon et al., 1986) . The specificity ofpAR for the PAR molecule has been demonstrated earlier using the Western blot method (Strader et al., 1987a) . Specificity of antibodies against PAR404 and PAR248 was also demonstrated by immunoprecipitation of radiolabeled @AR (Strader et al., 1987b) . Mouse monoclonal antibody against tyrosine hydroxylase (TH) was purchased from Boehringer-Mannheim Biochemical. Biotinylated goat anti-rabbit IgG and streptavidin-peroxidase complex (ABC Elite kit) were from Vector Laboratories. The 1 nm gold-labeled goat anti-mouse IgG and Silver IntenSEM kit were purchased from Amersham.
Preparation of brain tissue. Four random source adult cats were deeply anesthetized using ketamine (22 mg/kg, i.m.), acepromazine (0.1 mg/ kg, i.m.), and Nembutal(30 mg/kg, i.v.), and then perfused through the ascending aorta with 30 ml of heparin/saline mixture ( 1000 U/ml; Wyeth) and then with 1 liter of 4% paraformaldehyde buffered with 0.1 M phosphate buffer (PB; pH 7.4) under artificial ventilation. Ten adult Sprague-Dawley rats were anesthetized with Nembutal(30 mg/kg, i.p.) and then perfused through the ascending aorta with 10 ml ofheparin/ saline (1000 U/ml). followed bv 50 ml of 0.1 M PB containing 3.75% acroleih, 2% paraf&maldehydeiKing et al., 1983) , and then b;300 ml of 2% paraformaldehyde in 0.1 M PB. Aldehyde-fixed cat and rat brain slabs containing area 17 were sectioned at a thickness of 40 pm using a Vibratome and collected in 0.1 M PB. Rat sections that were fixed with acrolein/paraformaldehyde were immersed in 1% sodium borohydride for 30 min and then rinsed repeatedly with 0.1 M PB until bubbles on tissue surface disappeared. Sections were then rinsed in 0.1 M Trisbuffered saline (TBS; pH 7.6) and incubated in a blocking solution consisting of 1% bovine serum albumin (BSA, Sigma) in TBS for at least 30 min.
Zmmunocytochemistry Single labeling for OAR404 and PAR248 was achieved by the avidin-biotin complex (ABC) immunoperoxidase method of Hsu (Hsu et al., 198 1) . Free-floating sections were incubated under gentle agitation at room temperature for 12-16 hr in TBS containing 1% BSA and 1:2000-l: 10,000 dilutions of the primary antibodies. Triton X-100 (0.3Oh) was included with the primary antibody dilutions when preparing tissues for light microscopy. At the end of the incubation period, sections were rinsed in TBS, incubated for 30 min with I:200 dilution of biotinylated goat anti-rabbit IgG, and then incubated with the streptavidin-peroxidase complex for another 30 min. Peroxidase was visualized by incubating tissues for 6 min in TBS conThe Journal of Neuroscience, March 1992, 12 (3) 783 taining 0.022% 3,3'-diaminobenzidine (Aldrich) and 0.003% H,O,. All incubations were preceded and followed by rinses in TBS. Cat tissue fixed with 4% paraformaldehyde was postlixed with 2% glutaraldehyde in PBS before processing for electron microscopy.
Simultaneous labeling for @AR404 and TH within rat visual cortex was achieved by using a previously described method (Chan et al., 1990) . In brief, Vibratome sections were incubated overnight in a TBS/BSA buffer containing primary antibodies against PAR404 and TH diluted to I:5000 and 1: 1, respectively. On the following day, sections first were reacted for the immunocytochemical detection of PAR404 by the ABC method. Subsequently, sections were incubated for 3 hr in a buffer consisting of 0.01 M phosphate buffer (pH 7.3) with 0.9% sodium chloride (PBS), 1% BSA, and 2% gelatin (Amersham) (PBS/BSA/G) and containing 1:SO dilution of gold-labeled goat anti-mouse IgG and 1% goat serum. At the end of the 3 hr incubation period, sections were rinsed for 5 min in the same buffer under gentle agitation and then three times in PBS. Sections were postfixed for 10 min at room temperature using 2% glutaraldehyde (EM grade, EM Sciences) buffered with PBS. These sections were rinsed again in PBS to remove free glutaraldehyde. Following brief immersion in distilled water, sections were silver intensified for 5-7 min in acid-cleaned porcelain spot dishes using the light-insensitive IntenSE Kit at room temperature. The silver-intensification step was terminated by rinsing sections in distilled water; they were then returned to PBS.
Electron microscopy. Following further fixation for 1 hr with 2% osmium tetroxide in 0.1 M phosphate buffer, sections were prepared for electron microscopy using previously described methods (Chan et al., 1990) . In brief, sections were dehydrated using ethanol, flat embedded in Epon 812 using Auoroplastic coverslips (Masurovsky and Bunge, 1968) , and then reembedded in Beem capsules. No more than 50 ultrathin sections were collected from surfacemost regions of the block. Ultrathin sections were viewed under a Philips 20 1 electron microscope following counterstaining with uranyl acetate and lead citrate.
Results

Distribution of PAR immunoreactivity as revealed by light microscopic immunocytochemistry
In the cat visual cortex, Nomarski differential interference contrast optics revealed immunoreactivity for PAR404 within cells that appeared astrocytic (Fig. 1) . Numerous processes that radiated from single, small cell bodies were intensely labeled, particularly within laminae I and V/VI. Also labeled were numerous small, punctate processes. Within the deeper laminae, many of the processes appeared to form baskets around larger perikarya. This pattern of labeling persisted through the different dilutions of the antibody. Immunoreactivity to @AR248 was not detectable within the cat visual cortex at any of the tested dilutions.
In the rat visual cortex, punctate, brown labeling reflecting PAR404 immunoreactivity was evident throughout the laminae. These labeled puncta were distributed evenly throughout the neuropil and surrounded large, apparently neuronal, perikarya that lacked immunoreactivity for @AR404 (Fig. 1) . Intensity of peroxidase labeling within the neuropil varied according to the dilution of the antibody. However, the pattern of staining, including the lack of labeling within perikarya, remained constant throughout the dilutions. The semiadjacent sections that were immunolabeled with the PAR248 antibody c Figure I . Light microscopic visualization of @AR immunoreactivity within the visual cortex of rat (left column) and cat (right column). Left column, A and B show immunoreactivity using the BAR404 antiserum while C shows immunoreactivity following the application of the BAR248 antiserum. BAR404 immunoreactivity is detectable within pun&ate processes (arrows in A) and small cell bodies (arrow in B) that surround unlabeled perikarya (asterisks in cytoplasm in B) and throughout the laminae of visual cortex. BAR248 immunoreactivity occurs within perikarya (C, solid arrows) that are admixed with unlabeled perikarya (C, open arrows). Right column, D and E show PAR404 immunoreactivity within the supraand infragranular layers, respectively. Immunoperoxidase labeling is distributed throughout radiating processes that originate from small cell bodies (so/id arrows in D) and run in all directions. Some of the processes appear to encircle unlabeled perikarya (arrows in E). The open arrow in D points to the pial surface. Scale bar, 50 pm.
Figure2.
Ultrastructural localization ofpAR within the cat visual cortex. The electron micrographs in A-Cshow that BAR404 immunoreactivity occurs within small processes that appear astrocytic. Unlike the round profiles of axon terminals (T), dendrites (D), and dendritic spines Q (arrowheads point to postsynaptic densities within dendrites and spines), the @AR404-immunoreactive processes @-A) have irregular contours that tightly ensheathe the neuronal processes. The cytoplasm (Cy) of an astrocytic cell body (Nu, nucleus) in A contains glial fibrillary acidic protein filaments (iJ) but no immunoreactivity for Bar404. Scale bar, 0.5 pm.
revealed immunoreactivity that was most intense within large neuronal perikarya (Fig. 1) . Smaller, unlabeled perikarya were admixed with the larger, immunoreactive perikarya in the same region.
Distribution of PAR404 as revealed by electron microscopic immunocytochemistry In the cat visual cortex, immunoreactivity for PAR404 was found within processes that appeared astrocytic based on their irregular contours surrounding synaptic junctions (Fig. 2) (Peters et al., 199 1) . Immunoreactivity within these processes appeared as flocculent material coating the intracellular surface of plasma membranes. In some cases, fine, apparently distal, astrocytic processes containing PAR404 immunoreactivity were juxtaposed to larger-caliber proximal processes and perikarya of astrocytes that contained large bundles of intermediate-filament bundles but no PAR404 immunoreactivity (Fig. 2) . PAR404-immunoreactive astrocytic processes frequently surrounded axon terminals forming asymmetric synaptic junctions with small dendritic spines (Fig. 2 ).
In the rat visual cortex, PAR404 immunoreactivity also occurred in fine processes with irregular contours that appeared to be distal portions of astrocytes. These processes surrounded axons, dendrites, and axodendritic synaptic junctions. Immunoreactivity within astrocytic processes resembled that observed in the cat visual cortex in that the reaction product appeared attached to the intracellular surface of plasma membranes (Figs.  3-6 ). In sections dually labeled for PAR404 and TH, immunoperoxidase reaction product reflecting the presence of @AR404 was clearly distinguishable from the clusters of silver-intensified gold particles overlaying axons (Figs. 3-6 ). Axonal profiles containing catecholamine exhibited numerous small clear vesicles. Some, but not all, also contained large dense-cored vesicles.
/3AR404-immunoreactive astrocytic processes juxtaposed to catecholamine terminals. Numerous axospinous junctions were identified within the supragranular laminae of rat visual cortex. The majority of these synaptic junctions were asymmetric [Gray type 1 (Gray, 1959) ], lacked TH immunoreactivity presynaptitally, and also lacked BAR404 immunoreactivity on either side of the synapse. However, these unlabeled synapses often were encapsulated by fine astrocytic processes exhibiting PAR404 immunoreactivity along the intracellular surface (Fig. 3) . Contacts between TH-immunoreactive varicosities and dendrites were identified by the following morphological characteristics: parallel alignment between the plasma membranes of the axon terminal and dendrite or spine, accumulation of small clear vesicles within the immunoreactive terminal, and postsynaptic specializations that tended to be less dense than those associated with the neighboring unlabeled terminals (Fig. 3) . Most catecholamine axonal varicosities showed no identifiable synaptic junctions within single planes of sections (Fig. 4) . However, they were frequently juxtaposed to /3AR404-immunoreactive astrocytic processes (Fig. 4) . As observed in the cat visual cortex, /3AR404-immunoreactive astrocytic processes also surrounded asymmetric axospinous junctions that lacked immunoreactivity for TH or for PAR404 (Figs. 3,4) . The PAR404 labeling along the plasma membrane of astrocytic processes usually extended beyond the portion juxtaposed to catecholamine varicosities. Some catecholamine varicosities formed small, symmetric contacts that showed little besides the parallel alignment of the two plasma membranes as the identifiable features of synaptic specializations (Fig. 5) . This latter type of terminal contained only a few vesicles and was not directly juxtaposed to PAR404-immunoreactive astrocytic processes. Instead, @AR404-immunoreactive astrocytic processes in their near vicinity were adjacent to other terminals forming asymmetric synaptic junctions. Other TH-immunoreactive terminals forming junctions with larger dendrites showed synaptic specializations that were more easily identifiable. Numerous small clear vesicles were clustered near the presynaptic membrane, and both the pre-and postsynaptic membranes showed slightly enhanced electron density and parallel alignment with each other (Fig. 6) . These TH-containing synaptic terminals were directly contacted by /3AR404-immunoreactive astrocytes.
/3AR404-immunoreactive astrocytes and TH-immunoreactive terminals near blood vessels. TH-immunoreactive terminals forming junctions with large dendrites were found near small blood vessels that were surrounded by astrocytic processes showing variable degrees of immunoreactivity for PAR404 (Fig.  6) . The PAR404-immunoreactive astrocytic processes often were interposed between the catecholamine axon terminals and the basement membrane of blood vessels.
Discussion
Light and electron microscopic observations of adult area 17 support the following conclusions: (1) in both rats and cats, PAR404 immunoreactivity occurs in highest density along the intracellular surface of plasma membranes of distal astrocytic processes; (2) BAR248 immunoreactivity within the rat visual cortex is localized to neuronal perikarya and proximal dendrites, as was previously observed using another antibody against the third intracellular loop (Aoki et al., 1989) ; (3) PAR404-immunoreactive astrocytes occur juxtaposed to catecholamine axon terminals forming large synaptic junctions; (4) PAR404-immunoreactive astrocytes also occur removed from catecholamineaxons exhibiting paucity of vesicles and small, less obvious synaptic specializations; (5) astrocytes forming end feet along blood vessels contain PAR404 immunoreactivity. The possible significance of these observations is discussed below and schematized in Figure 7 .
Methodological considerations Specificity of the antibodies. Antibodies available for this study were directed against two synthetic peptides, each conjugated to thyroglobulin using aldehydes. The searches for homologous sequences by the method of Pearson and Lipman (1988) showed that the sequence of these peptides was unique among all proteins so far reported and stored in GenBank, EMBL, SWISS-PROT, and GenPept databases. These included all of the G-protein-linked proteins and monoamine transporters so far cloned. However, similar sequences may occur within other, yet unidentified, proteins. These may include proteins that do not functionally bind norepinephrine. Thus, immunoreactivity that was detected in the present study is interpreted to reflect the presence of PAR or some other PAR-like molecule(s), even if not so specified in the Discussion.
Zmmunocytochemical detectability. Based on comparative examinations of the hydropathicity profiles of&AR and rhodopsin, the C-terminal tail of PAR was predicted to reside within the intracellular domain (Dixon et al., 1986) . The present findings confirmed this prediction, since the ultrastructural distribution of PAR404 immunoreactivity reflected highest levels along the intracellular surface of plasma membranes. The relative ease with which PAR could be detected in the present study is likely to reflect, at least in part, the accessibility of immunoreagents to this hydrophilic portion. Had the antigen belonged to a hydrophobic region, immunodetection for electron microscopy may not have been possible. In order to further ensure optimal immunocytochemical detection, the sampling of ultrathin sections for electron microscopy was carefully restricted to the surfacemost portions of Vibratome sections. Within dually labeled sections, ultrastructural analysis was further restricted to regions that showed both peroxidase reaction product and immunogold labeling. However, the immunocytochemical technique is limited in that one cannot determine whether or not absence of immunoreactivity reflects absence, lower levels, or diminished accessibility of the molecule to immunoreagents.
By an analogous reasoning, the absence of pAR248 labeling within the cat visual cortex may reflect levels of PAR that are too low for detection. Alternatively, the cat PAR may exhibit substantial differences in their amino acid sequences when compared to the hamster lung type or the rat neuronal form of PAR. On the other hand, the absence of labeling is not likely to reflect lack of accessibility of the sites to immunoreagents, since (1) the same cat tissue could be labeled with the PAR404 antiserum, and (2) rat tissues fixed with stronger aldehydes, such as acrolein (Ring et al., 1983) still exhibited immunocytochemical labeling for PAR404. D$erence in PAR404 labeling between rat and cat visual cortex. PAR404 labeling of astrocytes was more prominent in the cat than in rat visual cortex. This difference was most likely due to the use of different fixatives in the two species. Four percent paraformaldehyde that was used for cat tissue cross-links proteins much more slowly and less extensively than the 3.75% acrolein-2% paraformaldehyde mixture that was used for rat tissue (Hayat, 198 1) . Thus, the more extensive labeling seen for the cat visual cortex may reflect greater diffusion of antigen during the fixation process or greater accessibility of the immunoreagents to the antigenic site.
Astrocytic localization of BAR404 immunoreactivity Many in vitro studies have pointed to the presence of astrocytic PAR (Burgess and McCarthy, 1985 ; reviewed by Stone and Ariano, 1989) that are functionally coupled to adenylate cyclase (Rougon et al., 1983; Bicknell et al., 1989; Stone et al., 1990) . However, the present study is the first to show that astrocytes in intact visual cortex also express PAR.
The absence of PAR404 immunoreactivity within neurons might not have been expected, since previous pharmacological studies have demonstrated a catecholamine modulation of neuronal excitability (Madison and Nicoll, 1982 ; reviewed by Foote and Morrison, 1987) . Most likely, PAR in adult cerebral cortex do occur in neurons but in a form (or forms) that is not recognizable by the ,f3AR404 antibody. Hamster lung &AR may be more homologous with PAR of astrocytes within the C-terminal region but more homologous with neuronal PAR in the third intracellular loop region of rat and cat brains. Interestingly, the recently discovered P,-adrenergic receptor also shows notable diversification in the C-terminal region (Emorine et al., 1990) . This implies that ,f3AR may occur in different forms within the CNS and that these different forms are distributed differentially across neurons and astrocytes. This idea predicts that the gene(s) for neuronal PAR may be different from those Figure 4 . Dual electron microscopic immunocytochemical labeling for catecholamine axon varicosities and @AR404 within the rat visual cortex. The catecholaminergic axon varicosities (CA) labeled by the silver-intensified immunogold method using anti-TH are identifiable by the accumulation of electron-dense particles within the cytoplasm. Most of the vesicles that occur within these varicosities are small and clear. However, a few larger, densecored vesicles also are evident (arrowheads in A and B). Immunoperoxidase labeling reflecting BAR404 immunoreactivity occurs within the cytoplasm and along the plasma membrane of astrocytes (asterisks). Small arrows in A and C point to portions of @AR404-immunoreactive astrocytic processes that are juxtaposed to the catecholamine varicosities. Arrowhead pair in C points to a gap junction formed hetween two @AR404-immunoreactive astrocytic processes. Scale bar, 0.5 pm.
of astrocytic @AR. Alternatively, the C-terminal portion of neu-PAR with other molecules, such as the GTP-binding proteins ronal PAR may be rendered unrecognizable by the PAR404 (Sibley and Lefiowitz, 1985) and @arrestin (Lohse et al., 1990 ) antibody due to posttranslational modification, such as phosdiffers between neurons and astrocytes in such ways as to cause phorylation (Sibley and Lefkowitz, 198.5; Bouvier et al., 1988) differential steric hindrance for antibody recognition. and truncation. Another possibility is that the association of Recent preliminary results indicate that the PAR404 antibody does recognize @AR of neurons, but only within discrete developmental stages (prior to 10 d postnatal ages in the cerebral cortex of rats). Since PAR404 immunoreactivity can be detected within perinatal tissue fixed with aldehydes (paraformaldehyde, glutaraldehyde, and acrolein), the absence of PAR404 immunoreactivity within neurons of adult tissue is not likely to be attributed to fixation artifacts. However, the observations made in developing neural tissue could reflect age-dependent differences in the expression of different PAR genes or of posttranslational modifications.
Possible functions of PAR at distal portions of astrocytes PAR at astrocytic gap junctions. The present ultrastructural localization of PAR404 immunoreactivity within the finer processes of astrocytes indicates that the distal portions of these cells may be specialized for ,L?-adrenergic receptivity and the subsequent formation of CAMP via activation of adenylate cyclase (Rougon et al., 1983; Stone et al., 1990 ; reviewed by Stone and Ariano, 1989) . One of the notable specializations at the labeled, distal ends of astrocytic processes was gap junctions formed with other astrocytic processes. The permeability of astrocytic gap junctions for ions and small molecules (including CAMP) is regulated by intracellular concentrations of Ca2+ and H+ ([Caz+li, [H+] J as well as CAMP (reviewed by Hertzberg et al., 1981; Spray et al., 1990) . Since [Ca2+li and [H+] , within astrocytes are subject to change following depolarization of neighboring neuronal membranes (Mugnaini, 1986; Chesler, 1990 ) and the direct transmitter-evoked depolarization of astrocytes (Hirata et al., 1983; Rougon et al., 1983; Bowman and Kimelberg, 1984; Usowicz et al., 1989; Cornell-Bell et al., 1990 ; reviewed by Barres et al., 1990 ) interaction between noradrenaline and non-noradrenaline neuronal elements in the neuropil may occur via their modulation of astrocytic gap junction permeability. Modulation of gap junction permeability, in turn, would be expected to have profound effects on the spatial characteristics of astrocytic buffering capacity of extracellular space (reviewed by Mugnaini, 1986) and consequently to influence neuronal excitability (reviewed by MacVicar et al., 1989; Cheslet-, 1990; Spray et al., 1990 ).
PAR and astrocytic cytoskeleton. Astrocytes have been shown to respond to @AR activation with dramatic changes in their morphology (Narumi et al., 1978; Rougon et al., 1983; Shain et al., 1987; Bicknell et al., 1989) . This response may involve the CAMP-dependent phosphorylation of intermediate-filament proteins, that is, glial fibrillary acidic protein (GFAP) (Browning and Ruina, 1984) . However, the larger, presumably more proximal, processes that contained intermediate-filament bundles usually lacked PAR404 immunoreactivity. Thus, the functional linkage between PAR activation and CAMP-dependent phosphorylation of GFAP may require the intracellular translocation of CAMP across significant distances within their processes or across gap junctions that adjoin distal processes with proximal portions of astrocytes. The morphological changes evoked by norepinephrine application may also involve reorganization of cytoskeletal proteins that are enriched within distal portions, such as spectrin (Zagon et al., 1986) and actin (reviewed by Kalnins et al., 1986). pAR404-immunoreactive astrocytes and catecholamine terminals. The precise relationship between astrocytic BAR and TH-immunoreactive axonal varicosities in intact visual cortex was revealed for the first time by the present dual electron microscopic immunocytochemical results. These results indicate that PAR does not occur solely within astrocytic processes facing catecholamine axon terminals. In fact, @AR404 immunoreactivity predominated along portions of astrocytes that were separated from catecholamine terminals. This suggests that the neuropil space affected by catecholamines may not be confined to synaptic clefts or the immediate periphery of catecholamine varicosities.
Structural differences in synaptic specializations, such as vesicular number and pre-and postsynaptic densities, have been suggested to reflect differences in the efficacy of transmitter release (reviewed by Forscher et al., 1987; Greenough and Chang, 1988) . Although these changes usually are thought to occur during development, large differences in the ultrastructure of catecholamine axons were also notable in the adult visual cortex (see also SCgutla et al., 1990) . Moreover, the differences in catecholamine synapses were accompanied by differences in their association with pAR404-immunoreactive astrocytes. Thus, catecholamine axon terminals that exhibited easily identifiable synaptic specializations with dendrites were in direct contact with @AR404-immunoreactive astrocytic processes: other catecholamine axons contained fewer vesicles and lacked morphologically identifiable synaptic specializations. These growth conelike axon terminals were not juxtaposed to PAR404-immunoreactive astrocytes. Since activation of astrocytic @AR can lead to extension of the distal astrocytic processes (see @AR and astrocytic cytoskeleton above), the juxtaposition between well-developed catecholamine synapses and astrocytes may reflect chemotropism of the distal processes of astrocytes toward neuronal sources of catecholamines. Conversely, the maintenance of close juxtaposition between astrocytic processes and catecholamine axons may require the active release of catecholamines from the catecholamine terminal.
It is widely assumed that vesicular fusion with the plasma membrane of axons occurs mostly at presynaptic specializations, yet such o-profiles (Heuser and Reese, 1981) are rarely seen in the CNS. In the case of noradrenaline varicosities, the possibility remains that the vesicles may fuse with terminal membrane that is deprived or away from a junctional specialization and, instead, surrounded by astrocytes bearing @AR.
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noncatecholaminesynaptic junctions. PAR-immunoreactive astrocytic processes that coursed near catecholamine synaptic terminals were frequently juxtaposed also to asymmetric, unlabeled synaptic junctions. Based on their morphological characteristics, the majority of these unlabeled synapses were likely to be excitatory, utilizing L-glutamate as neurotransmitters (Somogyi et al., 1986; Morrison et al., 1989) . Recent works led by Hansson (Hansson et al., 1985; Hansson and Ronnback, 1989; Hansson, 1990) have demonstrated that activation of astrocytic PAR decreases uptake of neuronally released L-glutamate into astrocytic processes. Thus, the catecholamine dependence for long-term potentiation in the hippocampus (Neuman and Harley, 1983; Hopkins and Johnston, 1984; Stanton and Sarvey, 1985) and perhaps also in the neocortex may reflect the participation of astrocytic PAR. Specifically, activation of locus coeruleus during alertness (reviewed by Aston-Jones, 1985) may activate astrocytic PAR in the visual cortex, leading to elevations in synaptic levels of L-glutamate, the consequence of which may be long-term potentiation (Bekkers and Stevens, 1990 ; reviewed by Bashir et al., 1991) or excitotoxicity (reviewed by Choi and Rothman, 1990) . This working hypothesis must be tested in future studies that examine the ultrastructural relationships among catecholamine and glutamate receptors.
